ABSTRACT: The oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB) has great utility in bioanalysis such as peroxidase/ peroxidase mimetic-based biosensing. In this paper, the behaviors of TMB oxidation intermediates/products in liquid/liquid biphasic systems have been investigated for the first time. The free radical, charge transfer complex, and diimine species generated by TMB oxidation are all positively charged under acidic and near-neutral conditions. Electron paramagnetic resonance and visible absorbance spectroscopy data demonstrate that these cationic species can be effectively transferred from an aqueous phase into a water-immiscible liquid phase functionalized by an appropriate cation exchanger. Accordingly, sensitive potential responses of TMB oxidation have been obtained on a cation exchanger-doped polymeric liquid membrane electrode under mildly acidic and near-neutral conditions. By using the membrane electrode responsive to TMB oxidations, two sensitive potentiometric biosensing schemes including the peroxidase-labeled sandwich immunoassay and Gquadruplex DNAzyme-based DNA hybridization assay have been developed. The obtained detection limits for the target antigen and DNA are 0.02 ng/mL and 0.1 nM, respectively. Coupled with other advantages such as low cost, high reliability, and ease of miniaturization and integration, the proposed polymeric liquid membrane electrode holds great promise as a facile and efficient transducer for TMB oxidation and related biosensing applications.
T he aromatic amine 3,3′,5,5′-tetramethylbenzidine (TMB), which is noncarcinogenic and nonmutagenic, has been widely used as the peroxidase/peroxidase mimetic substrate for bioanalysis. TMB exhibits higher sensitivity and precision in peroxidase-based detection, compared to other substrates, such as o-phenylenediamine, benzidine, and 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid).
1 TMB oxidation has evolved to be one of the most commonly used reactions in biosensing schemes based on peroxidases and peroxidase mimetics (e.g., G-quadruplex DNAzymes and nanomaterials with peroxidaselike activities). A large number of sandwich and competitive bioaffinity assays using peroxidases or peroxidase mimetics as amplifying labels (e.g., peroxidase-linked immunoassays and nucleic acid hybridization assays) have been developed using TMB oxidation as the indicating reaction.
2 By monitoring target-modulated catalytic activities of peroxidase-mimicking DNAzymes and nanoparticles via TMB oxidation, sensing strategies for ions, nucleotides, nucleic acids, proteins, and cancer cells have also been proposed. 3 In addition to peroxidases and peroxidase mimetics, TMB oxidation allows the detection of other biological and inorganic catalysts such as hemoglobin, ferritin, iron and nitrite. 4 Moreover, TMB has been used to probe various oxidants (e.g., H 2 O 2 , chlorine, and bromate) 5, 6 and reductants (e.g., glutathione, gold(I), manganese, and grapheme radical). 7 Especially, by sensing H 2 O 2 generated by oxidase-catalyzed reactions, TMB oxidation can be used to indirectly detect analytically important chemicals such as glucose, melamine, xanthine, and organophosphates. 5 The tremendous applications of TMB oxidation lead to considerable demands on facile and effective transduction techniques for this reaction. Visible absorption spectroscopy is the most commonly used technique, in which the optical absorbance of TMB oxidation products at 450 or 652 nm is used. 5, 6 Raman spectra of the diimine and charge-transfer complex products also allow the monitoring of TMB oxidation, and corresponding enzyme-linked immunosorbent assays and catalytic beacon-based DNA detection protocols have been developed with improved sensitivities, compared to the colorimetric methods. 8 Although optical methods usually provide high throughput and high reliability, the cost-effective electrochemical techniques such as voltammetry and amperometry have been used to indicate TMB oxidation by utilizing the redox properties of the TMB oxidation products.
9
Monitoring of this reaction by the quartz crystal microbalance has also been fulfilled based on the aqueous solubility change of TMB upon H 2 O 2 -mediated oxidation. 10 However, these techniques suffer from problems of inconvenient regeneration and activation steps on electrodes/quartz crystals, and of the regeneration-induced response deviations.
Polymeric liquid membrane electrodes are a type of sensor based on electrochemistry in liquid−polymeric liquid biphasic systems. They are traditionally used as potentiometric ionselective electrodes working under thermodynamic equilibrium conditions, while nonclassical polymeric liquid membrane electrodes utilizing chemically or instrumentally controlled ion fluxes have also been developed in recent years.
11 With attractive features of portability, high reliability, low cost, and ease of miniaturization and integration, polymeric liquid membrane electrodes directly responsive to over 60 ions have been reported and they have found successful real-world applications in many important analytical aspects such as pH measurement, blood electrolyte analysis, and noninvasive ion microtest.
11 As an indirect application, ion-selective polymeric liquid membrane electrodes can be used to indicate biorecognition events such as immunoassays. 12 On the other hand, polymeric liquid membrane electrodes have been investigated as transducers of numerous analytically important chemical reactions by using potential signals of reactants, intermediates, and final products. 13 The potentiometric indications of enzymatic and nonenzymatic redox, complexation, hydrolysis, and coupling reactions have been fulfilled by polymeric liquid membrane electrodes sensitive to H + , NH 4 + , halogen ions, metal ions, organic ions, biological ions, and nonionic species. 13 However, to the best of our knowledge, the sensing of TMB oxidation with polymeric liquid membrane electrodes has not been reported, although the TMB oxidation products are expected to be highly lipophilic and thereby wellsuited to be detected by the lipophilic polymeric liquid membrane. Similarly, the sensing of TMB oxidation by electrochemistry at the interface between two immiscible electrolyte solutions has not been explored as well.
Here, we report the transfers of ionic intermediates/products involved in the TMB oxidation reactions across the liquid/ liquid interface for the first time. Polymeric liquid membrane electrodes functionalized by cationic exchangers (i.e., lipophilic sulfonate or tetraphenylborate and its derivatives) as phasetransfer reagents have been found to show sensitive potential responses toward the TMB oxidation catalyzed by peroxidase or its mimetics. The proposed electrode has been applied to peroxidase-labeled immunoassays and DNA hybridization assays based on the G-quadruplex/hemin DNAzyme beacon. 4 OAc, 10 mM KCl, 150 mM NaCl, pH 7.4), the same buffer was used as the conditioning and inner filling solutions.
All electromotive force (EMF) values were measured using a Model CHI 760C electrochemical workstation (Shanghai Chenhua Apparatus Corporation, China) in a Faraday cage in the following galvanic cell: Ag, AgCl/3 M KCl/1 M LiOAc/ sample solution (well-stirred)/sensing membrane/inner filling solution/AgCl, Ag.
Liquid−Liquid Extraction Experiment. At 1 min after initiation of TMB oxidation (0.1 mM TMB, 0.5 mM H 2 O 2 , 10 −3 U/mL HRP) in 50 mM PBS of pH 7.4, 1 mL of this aqueous solution was mixed with 100 μL of o-NPOE doped with 1 mM DNNS − H + . After vigorous shaking of the biphasic system for 15 s and spontaneous phase separation, a dense green organic phase (the liquid drop in Figure 1 ) and a clear aqueous phase were formed. The corresponding visible absorption spectra were measured with a Beckman Model DU-800 UV spectrophotometer and X-band EPR spectra were measured with a Bruker ESP300 Electron Spin Resonance spectrometer (the scan range was 3465 G to 3505 G).
Procedures of the Peroxidase-Labeled Sandwich Immunoassay. Magnetic microparticles coated with goat antimouse IgG (SiMAG-Goat antimouse IgG) were washed with phosphate-buffered saline (50 mM, pH 7.4) before use. Mouse IgG samples at different concentrations were incubated with the goat antimouse IgG-conjugated magnetic particles (the concentration of magnetic microparticles was 25 μg/mL) in phosphate-buffered saline containing 3% (w/w) BSA (total volume, 0.5 mL) for 1 h at 37°C in the shaker. After washing three times with the phosphate-buffered saline with 0.05% (v/ v) Tween-20, the magnetic microparticles were resuspended and incubated with an excess concentration of HRP-labeled goat antimouse IgG (5 μg/mL) for 1 h at the 37°C shaker. After washing twice with the phosphate buffered saline with 0.05% (v/v) Tween-20 and once with the phosphate buffer solution (PBS, 50 mM, pH 5.5), the magnetic microparticles were resuspended in 0.5 mL PBS of pH 5.5 and transferred to a beaker. Then, 0.2 mM TMB and 1 mM H 2 O 2 were added and the potential responses were recorded for 300 s. For control measurements, mouse IgG was replaced by BSA, and the potential response showed no significant difference from that in the blank experiment.
Procedures of the G-quadruplex DNAzyme-Based DNA Hybridization Assay. Two DNA probes (DNA1:5′-ACAGGCGGCCTTAACTGTAGTTGGGTAGGGCGGG-3′ and DNA2:5′-TGGGTCTGGTGAAATTGCTGCC-3′) both at a concentration of 75 nM and the target DNA (DNA3, 5′-G G C A G C A A T T T C A C C A G T A C T A C A G T T A A G G -CCGCCTGT-3′) or the noncomplementary DNA at different concentrations (DNA4, 5′-CCGTCGTTAAAGTGGTCATG-ATGTCAATTCCGGCGGACA-3′) in HEPES-NH 4 OAc− KCl−NaCl buffer containing 1% dimethyl sulfoxide were heated at 95°C for 5 min, and gradually cooled to room temperature. After a 1 h incubation with 50 nM hemin, 0.2 mM TMB and 10 mM H 2 O 2 were added into the incubation solution and the potential responses on the TPB − -doped electrode were recorded for 60 s.
■ RESULTS AND DISCUSSION
In the presence of H 2 O 2 and peroxidase or its mimetics, TMB (1) can be oxidized into its free radical form (2) via single electron transfer and converted to a diimine product (4) with further oxidation (Scheme 1). A charge transfer complex (3) of the diimine product (the electron acceptor) and the TMB substrate (the electron donor) is also formed in rapid equilibrium with the TMB radical.
14 In HRP-labeled immunoassays and nucleic acid hybridization assays, as well as many inorganic peroxidase nanomimetic-based sensing strategies using TMB oxidation, signal readout steps are usually conducted at mildly acidic pHs (e.g., 4.0 to 5.5) to gain the optimal catalytic activity of peroxidase or peroxidase mimetics. 2 Under these conditions, the oxidized species of TMB can be quite stable. However, in recent years, homogeneous biosensing schemes based on peroxidase-mimicking DNAzymes have been rapidly developed, for which physiological pH conditions are favorable for signal readout steps due to the elimination of dilution steps. Also, the optimal pH values of G-quadruplex/ hemin DNAzymes and some hemin-based peroxidase nanomimetics are higher than that of HRP, because of the high optimal pH for hemin, which are near neutral pHs. 15 Under such conditions, the monomeric oxidized species of TMB can undergo further dimerization reaction and form a stable azo product (5), 16 which is confirmed by the pseudo-molecular ion peak at m/z 477 in the ESI-mass spectrum (data not shown).
Scheme 1 also shows the pK a of TMB and the intermediates and products generated in TMB oxidation. The pK a values of the free radical (2), diimine (4), and charge transfer complex (3) are all several orders of magnitude higher than that of TMB (1). Under the commonly used mildly acidic and near-neutral pH conditions, TMB itself is mainly nonionic and cannot induce a large potential response on a polymeric liquid membrane electrode. However, these three monomeric oxidation intermediates are dominatingly positively charged and possibly induce cationic potential responses on the membrane electrode. For the final azo dimer product (5) generated at a near-neutral pH, it is mainly nonionic according to its pK a and thus cannot significantly contribute to the potential response as well. Moreover, log P values of the radical cation and the diimine cation were calculated to be 0.99 and 0.38, respectively, and the charge transfer complex should have a log P between that of TMB (4.02) and the diimine cation (0.38). 18 These log P values indicate high lipophilicities of these TMB oxidation intermediates (e.g., higher than that of tetrapropylammonium ion with a log P of −0.45), which favor the potentiometric detection of them by hydrophobic polymeric liquid membranes.
Unlike a traditional polymeric liquid membrane electrode for a single stable ion (e.g., K + -selective electrode), the cationic species in the TMB oxidation may contribute to the potential responses together. Therefore, to obtain their potential − was used to extract TMB oxidation intermediates from the aqueous phase. After efficient extraction and phase separation, the o-NPOE phase (the green liquid drop, right vial) was put into the microcuvette and capillary tube to take the visible absorbance (top spectrum) and EPR (bottom spectrum) measurements, respectively. responses, the cation exchanger-doped electrode cannot be conditioned by a single primary ion (i.e., target ion) as for the classical ion-selective electrode. Rather, the polymeric liquid membrane can be conditioned by the background ion. This conditioning mode has been used in our recently developed electrodes responsive to intermediates generated in oxidations of N,N′,N,N′-tetramethylbenzidine and o-phenylenediamine.
13d,15c For these background ion-conditioned membrane electrodes, the heterogeneous ion exchange of cationic intermediates in the sample phase with the background cation (e.g., Na + ) in the membrane is the prerequisite for potential responses. However, because of the high reactivity of the previously investigated oxidation intermediates, no evidence has been provided for the ion exchange processes. Here, the three cationic species in H 2 O 2 -mediated TMB oxidation are less transient and amendable to characterization. Therefore, their heterogeneous ion exchange processes were first examined.
The visible absorbance and EPR spectra were first measured for the PBS (pH 7.4) with the enzymatically generated TMB oxidation intermediates before the liquid−liquid extraction experiment. The characteristic signals of three oxidation intermediates have been obtained (see Figure S1 in the Supporting Information), which agree with the previously reported spectra. 14, 16 When such an aqueous phase was effectively mixed with o-NPOE containing DNNS − , the characteristic absorption spectra of the diimine (with an absorption peak at 459 nm) and the charge-transfer complex (with an absorption peak at 667 nm) were clearly observed in o-NPOE after phase separation. Via EPR spectroscopy, a strong characteristic signal of the TMB radical was obtained in the o-NPOE phase.
14 These evidences indicate that the cationic species generated in the TMB oxidation are indeed capable of being transferred to the cation exchanger-doped organic phase. Moreover, when extracted by pure o-NPOE without ion exchanger, these cations mainly existed in the aqueous phase after extraction (data not shown). 19 The heterogeneous ion exchange process may be facilitated by the cation exchanger in the organic phase via formation of cooperative ion pairs with the positively charged oxidation intermediates.
According to the phase boundary potential theory, 20 the heterogeneous ion exchanges of cationic species across the sample/membrane interface would induce potential responses on the polymeric liquid membrane electrode. As shown in Figure 2A (solid line), a large cationic potential response was observed upon the oxidation of TMB by HRP/H 2 O 2 system in PBS (pH 5.5) on the DNNS − -doped electrode. After 1 h of reaction, a large potential response (dashed line) could still be obtained, because of the relatively good stability of the cationic oxidized species of TMB. However, when the TMB oxidation reaction was conducted at the physiological pH, the oxidized species become less stable and their potential response became an "intermediate" response similarly with those of oxidation intermediates of N,N,N,N-tetramethylbenzidine and o-phenylenediamine.
13d,15c As shown in Figure 2B , although the realtime potential response (solid line) of TMB oxidation is large in PBS of pH 7.4, the potential response toward the 1 h reaction mixture (dashed line) becomes much smaller because the monomeric oxidation intermediates significantly convert to the nonionic azo dimer product. Also, the potential responses of TMB oxidation mixtures in PBS of pH 7.4 at different reaction time points within 2 h show the successive attenuation of potential signals over time (see Figure S2 in the Supporting Information), which further confirms the instability of species responsible for the potential responses under near-neutral pH conditions. Notably, DNNS − was used as the ion exchanger to demonstrate the phase transfer of cations and the basic principle of potential responses because cationic intermediates of TMB oxidation show better stability in DNNS − -doped o-NPOE than o-NPOE doped with TPB − or substituted TPB − . The better stability benefits the characterization of these intermediates (especially EPR measurements). The different stabilities of the intermediates in the presence of different ion exchangers are probably due to the fact that better steric accessibility of sulfonate group allows for stronger ion-pair interactions with positively charged species 21 and the ion-pair interactions can stabilize the cationic intermediates in aromatic amine oxidations. 22 However, potential responses of these cationic intermediates in a certain background electrolyte are also related to more factors such as other intermolecular interactions of the ion exchanger with the intermediates (e.g., π−π interaction) and the binding affinity of the ion exchanger with the background cation (i.e., Na + ). Here, TPB − as the ion exchanger of the polymeric liquid membrane electrode shows better response sensitivity toward the TMB oxidation, compared to DNNS − (see Figure S3 in the Supporting Information), which is similar to the electrode sensitive to chemically stable alkyl-ammonium cations 23 and o-phenylenediamine oxidation.
15c Therefore, the TPB − -based membrane electrode is used in further biosensing applications. In addition, o-NPOE as the plasticizer of the membrane has been found to show better response sensitivity, compared to less- polar plasticizers (see Figure S4 in the Supporting Information).
Because of the difficulty in obtaining a pure and stable intermediate, the direct characterization (e.g., selectivity and lower detection limit) of the electrode responsive to the TMB oxidation intermediates is difficult, using established methods for classical ion-selective electrodes. However, the oxidation of TMB at a concentration of 10 −6 M was found to induce a cationic potential response of more than 30 mV in 50 mM PBS of pH 7.4 (see Figure S5 in the Supporting Information). Because the total concentration of TMB oxidation intermediates is lower than the initial TMB concentration, the detection limit of the electrode toward TMB oxidation intermediates should be lower than 10 −6 M. To regenerate the discriminated ion-conditioned electrode after measurements, high concentrations of salts and ethanol (e.g., a mixture of 2 M aqueous NaCl solution and ethanol (4:1, v:v)) could be used to extract neutral TMB and cationic oxidation products out of the membrane. However, a long washing time (e.g., 30 min) is required and TPB − may suffer from limited long-term stability. Therefore, the ion exchangerdoped electrodes were always singly used here. Since the electrodes without ionophores are quite cost-effective and easy to prepare, the single use is acceptable in practical applications.
Based on the potential responses induced by H 2 O 2 -mediated TMB oxidations, the proposed electrode can be used to determine the catalytic activities of peroxidase and peroxidase mimetics and further develop related biosensing schemes. HRP is one of the most commonly used amplifying labels in immunoassays. However, HRP-labeled immunoassays based on polymeric liquid membrane electrodes are rather rare, probably due to the lack of peroxidase-catalyzed reactions showing sensitive potential responses on this type of electrode. Herein, the polymeric liquid membrane electrode responsive to TMB oxidation was examined as the potentiometric indicator electrode for a model sandwich HRP-labeled immunoassay ( Figure 3A) . The target antigen (mouse IgG) was first captured by the magnetic microbeads modified with the capture antibody (goat antimouse IgG). Then, the detection antibody (goat antimouse IgG labeled with HRP) was added to bind with the antigen. After washing the excessive HRP-labeled detection antibody, the catalytic activity of HRP immobilized on the magnetic microbeads for H 2 O 2 -mediated TMB oxidation was measured by the polymeric liquid membrane electrode. As shown in Figure 3B , as the concentration of target antigen increases, the cationic potential response increases. The potential increase measured at 5 min after initiation of TMB oxidation was used for quantification. The calibration curve for mouse IgG was plotted as the inset of Figure 3B . The linear range for detection of mouse IgG is 0.3−30 ng/mL and the detection limit is 0.02 ng/mL (3σ). This detection limit is 2 orders of magnitude lower than those obtained by the potentiometric immunoassays using nanoparticle labels and low-detection-limit ion-selective electrodes.
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Considering the wide utility of G-quadruplex/hemin DNAzymes in bioanalysis, the feasibility of the TMB oxidation-sensitive electrode in sensing G-quadruplex/hemin DNAzymes and DNAzyme-involved biorecognition events has been examined. As shown in Figure 4 , in the presence of the model G-quadruplex/hemin DNAzyme, 25 a large potential response can be obtained toward the H 2 O 2 -mediated TMB oxidation, while hemin (with limited peroxidase-like activity) or G-rich sequence (with no catalytic activity) as the catalyst could only induce small or negligible potential responses. Based on the superior peroxidatic activity of the G-quadruplex/hemin DNAzyme, a label-free potentiometric DNA hybridization assay protocol has been developed. Two DNA probes both with a recognition sequence that can hybridize with a part of the target DNA and another read-out sequence that can be combined to a G-quadruplex were used (see Figure 5A) . 26 The hybridization of target DNA with two DNA probes can promote two overhanging split G-rich sequences to assemble to the Gquadruplex. In the presence of hemin, the G-quadruplex shows peroxidase-like activity and catalyzes the H 2 O 2 -mediated oxidation of TMB, which further induces potential responses on the cation exchanger-doped electrode. As shown in Figure  5B , with increasing concentrations of target DNA, increasing cationic potential responses can be obtained, which results from the increasing amounts of assembled G-quadruplex/hemin DNAzyme. For a noncomplementary DNA sequence at a concentration up to 10 −7 M, negligible potential responses were obtained, compared to that of the blank sample (data not shown). Using the potential increase measured at 30 s after initiation of TMB oxidation for quantification, the calibration curve for detection of the target DNA was plotted as the inset in Figure 5 . As can be seen, the target DNA can be detected with a linear range of 0.5−50 nM and a detection limit of 0.1 nM (3σ). This detection limit is at least 1 order of magnitude lower than those obtained by spectrophotometric and fluorometric DNA hybridization assays using the similar Gquadruplex/hemin DNAzyme-based principles. 26, 27 ■ CONCLUSIONS A potentiometric transduction technique for TMB oxidation has been developed using potential responses of cationic species in TMB oxidation on the polymeric liquid membrane electrode functionalized by an appropriate lipophilic cationic exchanger. This method has been successfully used in peroxidase and peroxidase-mimicking DNAzyme-based biosensing systems including immunoassays and DNA hybridization assays with high detection sensitivities. Since the potential responses of the proposed electrode are based on accumulation of cationic species in the interfacial layer of the membrane, approaches that can enhance the mass transfer from the sample solution to the sample-membrane interface (e.g., rotating electrode configuration) or suppress the ion diffusion from the interface into the membrane bulk (e.g., use of more rigid membrane) are expected to further improve the sensitivities of this method. 28 With the demonstrated phase transfer behaviors of cationic species in TMB oxidation, other electrochemical techniques for liquid−liquid biphasic systems (e.g., voltammetry and chronoamperometry at liquid/liquid interfaces)
11,29 can also be utilized to indicate the TMB oxidation for the development of related analytical and bioanalytical protocols. 
